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Abstract 
Two-dimensional direct numerical simulation (2D-DNS) is used to investigate the effect of turbulence intensity and 
composition stratification on the ignition of H2/air mixture in a constant volume enclosure relevant to homogeneous 
charge compression ignition (HCCI) engines. A comprehensive H2 chemical kinetic mechanism is adopted, involving 
9 species and 21 elementary reactions. Different turbulence levels and composition fluctuations are simulated to 
investigate their influence on the combustion behavior. The results show that the ignition delay time tends to be 
prolonged and the heat release rate increased under higher turbulence intensity. Turbulence can affect the reaction 
zone, e.g., through wrinkling of reaction front. Higher composition stratification can smoothen the heat release rate. It 
is found that in HCCI engine flame propagation can co-exist with volumetric auto-ignition.  
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1. Introduction 
As a novel engine concept, homogeneous charge compression ignition (HCCI) engine can be 
considered as a hybrid of spark ignition (SI) engine and compression ignition (CI) engine. HCCI engine 
runs under lean premixed condition, which is advantageous in suppressing NOx and soot; combustion in 
HCCI engine is initiated by compression thereby it can be operated at a high compression ratio, which is 
advantageous in achieving high engine efficiency. The combustion process is controlled by chemical 
kinetics; hence, it is sensitive to the incylinder temperature and pressure, thereby the engine operation 
condition. At low load the engine may suffer from misfire while at high load the combustion heat release 
rate may be very high causing high engine noise and deterioration of engine performance. Developing an 
optimal and controllable operation of HCCI engine is a challenging but necessary step towards 
commercialization of HCCI engine [1]. 
In HCCI engines certain composition and temperature inhomogeneity exists due to mass and heat 
transfer between hot gas and cold cylinder wall or the presence of exhaust gas recirculation (EGR). Bansal 
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and Im [2,3] examined the effect of initial temperature and composition fields on HCCI combustion using 
two-dimensional direct numerical simulation (DNS). They found that flame propagation could dominate 
the combustion process with uncorrelated thermo and composition distribution or thermal stratification 
only, while volumetric spontaneous ignition could prevail if thermo and composition fields have a 
negative relationship. Recently, Ei-Asrag and Ju [4] studied the auto-ignition of lean DME/air mixture in 
the negative temperature coefficient (NTC) region under thermal/composition stratification conditions and 
found that stratification extends the burning duration as a result of lower peak heat release. An 18% 
reduction of ignition delay time was found in the later stage ignition delay times, while it had little effect 
on the first stage ignition delay time. Some previous results imply mixture stratification may play a minor 
role on the pressure rise rate (PRR) compared with the effect of thermal stratification in HCCI engines. 
This paper extends these previous works to wider range composition stratification.   
Turbulence has been shown to influence ignition delay time and the combustion process in a series of 
2D DNS studies for lean hydrogen/air mixtures under various turbulence intensities and length scales. It is 
shown that turbulence governs the thermal and composition fields prior to ignition through mixing. In 
HCCI engines, the ratio of turbulence turn-over time to ignition delay time (τ0/τig) is an important 
parameter. Hawkes et al. [5,6] studied the turbulence effect on HCCI combustion under a constant 
turbulence integral time scale condition (hence a constant ratio) with increasing both turbulence velocity 
and length scale. It was revealed that with higher turbulence velocity the initial hot spots are distorted into 
highly elongated filamentary structure, resulting in an increased temperature gradient. It was shown that 
turbulence mixing reduces the thermal and composition stratifications, and it dissipates heat and removes 
radicals from the developing ignition kernels [7].  
A central question is whether the reaction front propagates as a flame or as an ignition wave in HCCI 
combustion. Using 2D-DNS, the identification of two ignition regimes, namely, flame propagation and 
spontaneous ignition front propagation, has been studied by various authors [2,5-9]. This paper studies 
H2/air combustion in a constant volume enclosure relevant to HCCI engines. The effects of turbulence 
intensity, composition stratification and τ0/τig on the first ignition site and subsequent combustion process 
are examined. The existence of flame and spontaneous ignition fronts are distinguished based on density 
weighted displacement speed. 
 
2. Numerical methods and computational cases 
Turbulent reacting flows in HCCI engines are governed by Navier-Stokes equations and transport 
equations for species and energy. To properly simulate the ignition process a detailed chemical kinetic 
mechanism [10] and detailed transport properties are considered in the simulations. The governing 
equations are numerically solved using a high order method [11]. The temporal integration is performed 
using 2nd order symmetrical Strang splitting algorithm [12]; the integration of one full time step of the stiff 
reaction rates is placed in between two half-step integrations of diffusion and convection terms. A strategy 
of 2nd order Adam-Bashforth (AB2) scheme starting from a 2nd order Runge-Kutta (RK2) scheme 
(RK2+AB2) is adopted due to its simplicity. The transport properties are mixture averaged based on the 
individual species obtained from a thermodynamic database. A 5th order weighted essentially non-
oscillatory (WENO) scheme is used for the convective terms in the species mass and energy equations, 
whereas all other spatial discretization is made using a 6th order central difference scheme. The 
spatial/temporal accuracy of the numerical scheme has been verified with grid/time-step dependency tests 
and the code was used to study different combustion processes [11,13,14]. Detailed description of the 
numerical method is given in [11].  
The computational domain is a 2.5 mm2.5 mm constant-volume enclosure. Periodic conditions are 
employed at all boundaries. A uniform 20482 grids is used, resulting in a grid resolution of 1.2 μm. The 
initial turbulent flow is assumed to be isotropic and prescribed by a turbulent kinetic energy spectrum 
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[15,16]. Initial random temperature and composition fields are superimposed on the mean temperature and 
mean composition field.  
Table 1 lists the computational cases. In all cases, the mean temperature is 1175 K with a stratification 
of 15 K. The mean equivalence ratio (φ) is 0.67, with 50% EGR and initial pressure of 80 bar. The initial 
turbulence velocity (u') varies from 0.2 to 2 m/s and the equivalence ratio stratification (φ') varies from 
0.05 to 0.3. The Reynolds number (Re) based on the integral scale of turbulence varies from 126 to 1260. 
The number of integral length scale (L/l0) in all cases is set to 2, where L is domain length and l0 is the 
integral length scale. Case 5 and 6 are in a smaller square domain of 0.8 mm0.8 mm, the corresponding 
mesh size (h) is 1.56 μm. The Kolmogorov length scale (η) varies from 33 μm to 4.35 μm in different 
cases. The ignition delay timescale τ0 is 0.211 ms for the corresponding homogeneous mixture with the 
initial condition of 1175 K, equivalence ratio of 0.67, initial pressure of 80 bar, and 50% EGR. Here, τ0 is 
defined as the time at which the maximum time derivative of PRR is obtained. The turbulence eddy 
turnover time τt is defined as (l0/u').  
 
Table 1 The computational cases. 
Case Re u' [m/s] φ' l0[mm] η[um] h[um] L[mm] τt/τ0 τig(ms) 
1 1260 2 0.05 1.25 5.9 1.2 2.5 2.96 0.200 
2 1260 2 0.3 1.25 5.9 1.2 2.5 2.96 0.192 
3 126 0.2 0.05 1.25 33 1.2 2.5 29.6 0.193 
4 126 0.2 0.3 1.25 33 1.2 2.5 29.6 0.184 
5 415 2 0.05 0.4 4.35 1.56 0.8 0.95 0.208 
6 415 2 0.3 0.4 4.35 1.56 0.8 0.95 0.202 
 
 
3. Results and discussion 
Fig. 1 shows the spatial distribution of temperature in the computational domain during the combustion 
process in case 1-4 (from left to right). One can see that there are more hot spots appearing at the onset of 
ignition (0.161 ms) in the larger charge stratification case (case 2) than that in case 1. The same trend is 
found in cases 3 and 4. It appears that due to a stronger composition fluctuation of φ'=0.3, the local 
equivalence ratio spreads out over a wider range (e.g. 0.2-1.3 in cases 2 and 4, 0.58-0.78 in cases 1 and 3), 
which provides more ignitable locations.  
Stronger turbulence intensity leads to smaller Kolmogorov scales; hence, thinner and more wrinkled 
reaction fronts can be seen at 0.19 ms in Fig. 1 for cases 1 and 2 (as compared with those in cases 3 and 
4). Turbulence is shown to prolong the ignition delay time, cf., Table 1, last column. Previous studies of 
HCCI combustion showed that ignition delay time is longer under high turbulence intensity in the 
homogeneous mixture [7], which is consistent with the present non-homogeneous mixture results. 
Figs. 2a and 2b show the time history of the total heat release rate (HR) and pressure for cases 1-6. 
With higher composition stratification, i.e. cases 2, 4 and 6 the onset of ignition is advanced earlier, the 
peak HR is lower, and the duration of combustion is longer, when compared with cases 1, 3 and 5, 
respectively. As also shown in Table 1, the high turbulence intensity cases with τt/τ0 >1 (cases 1 and 2) 
have longer ignition time and higher HR compared with cases 3 and 4. In addition, with a smaller domain 
size thus smaller τt/τ0, cases 5 and 6, the ignition delay time is prolonged further and PRR is higher. 
Fig. 3c shows the PDF of displacement speed (Sd*) in case 3. It is seen that the peak of Sd* decreases as 
combustion proceeds. At 0.134 ms, Sd* is seen always more than 2 m/s, which is more than two times the 
laminar flame speed in the corresponding mixtures. This shows that initially the reaction front propagates 
as a spontaneous ignition wave. After 0.159 ms, most Sd* is around 1.5 m/s or higher, whereas there is 
certain probability with Sd* smaller than 1 m/s, which is close to the laminar flame speed. This indicates 
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that at later time there could be flame front propagation co-existing with ignition wave propagation. The 
interplay of these different reaction front propagation determines the heat release rate and PRR, and as 
such the performance of the engine.  
 
 
 
Fig. 1 Temperature distribution in cases 1-4 from left to right. Upper row: at the instance of time of the onset of first ignition sites; 
lower row: at the instance of time of highest PRR. 
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Fig. 2 Time evolution of heat release rate (a) and pressure (b) for case 1-4, and PDF of displacement speed for case 3. 
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